The accumulation and mobilization of glycogen have been measured in Phycomyces blukesleeunus subjected to a variety of environmental and nutritional conditions. Depending on the conditions and the stage in the life cycle, glycogen represented from 10 % to less than 1 YO of the dry weight of the mycelia. Maximum values were observed during the exponential growth phase irrespective of the carbon source used. The highest glycogen levels were detected with 2% (w/v) sorbitol as carbon source. A low glycogen content was present during growth on acetate. In these cultures glycogen was presumably synthesized from glyoxylate-dependent metabolites. Glycogen accumulated in cultures deprived specifically of nitrogen or phosphorus in the presence of an excess of a usable carbon source, suggesting that reserve carbohydrate accumulation is a general response to nutrient limitation. However, temporary starvation caused by removal of glucose or by transfer to media with relatively poor carbon sources such as acetate led to mobilization of glycogen in the mycelia. During sporulation the disappearance of glycogen was almost complete.
Introduction
Eukaryotes and many bacteria (archaeobacteria and eubacteria) store glycogen as a reserve polymer (Dawes & Senior, 1973) . In some eukaryotes, such as yeasts and fungi, glycogen may serve a dual purpose: first, as a source of carbon and energy during conditions of carbon and energy limitation (Von Meyenburg, 1969) ; and second, by its synthesis and degradation, in metabolic regulation processes (Cameron et al., 1988) . There are indications from studies in yeasts that the presence of ammonia is correlated with glycogen synthesis (Rothman & Cabib, 1969) . Neurospora crassa conidiospore germlings exposed to a heat shock degrade glycogen and accumulate trehalose (Neves et al., 1991) . Yeasts can survive heat shock treatment by altering the accumulation of storage carbohydrates (Cameron et al., 1988) . For the fungus Phycomyces blakesleeanus, the four most abundant carbohydrates found are glucose, trehalose, glycogen and chitin (Hilgenberg et al., 1987) . Several studies have focused on the reserve disaccharide trehalose (Van Laere et al., 1987) , which represents up to 35% of the spore dry weight (Rudolph & Ochsen, 1969) . However, electron micrographs of sections of mycelium of P. blakesleeanus show the presence of abundant aggregates of glycogen in the cytoplasm (Tu & Malhotra, *Author for correspondence. Tel. 987 291230; fax 987 291194. 1977) and glycogen granules in stage I sporangiophores (Galland & Ootaki, 1987) , although Furch (1981) was unable to detect glycogen in spores. Changes in glycogen may be important in this organism, and in this paper we report the changes which occur under different environmental and nutrient conditions, and in the differentiation cycle.
Methods
Materials. threo-DL-Isocitrate (trisodium salt), phenylhydrazine hydrochloride and D-glucose standard solution were obtained from Sigma. Amyloglucosidase from Aspergillus niger, glucose oxidase from Aspergillus niger, and horseradish peroxidase were purchased from Boehringer Mannheim. All other chemicals used were of standard analytical grade and provided by Merck.
Growth conditions. The P. blakesleeanus wild-type strain NRRL 1555(-) was grown either in liquid minimal medium or on solid minimal medium (Sutter, 1975) except that L-asparagine (0.2 YO) was used as the nitrogen source. D-Glucose (2%, w/v) was used routinely as carbon source, but was replaced as indicated by maltose, sucrose, fructose, xylose, sorbitol or acetate, or by different acetate/glucose mixtures. The final carbon content was equivalent to that of 2 YO (w/v) glucose in all cases. Other concentrations of glucose were used in some cases as indicated. The details for liquid minimal medium and the general method of cultivation were as previously described (Rua et al., 1989) . The cultures were kept either in absolute darkness or under continuous white light ( Rua et al., 1987) . The mycelia were obtained by filtration and were washed twice with distilled water to remove the glucose in the medium. For growth on solid medium, minimal medium was supplemented with yeast extract (0.1 %) and Bacto-casitone 0001-7397 0 1993 SGM (0.1 %), with agar at 1.5% (w/v). The details for cultivation in solid medium were as indicated in Soler et al. (1982) , except that an inoculum of 4.5 x lo4 spores was used for each Petri dish. The culture was kept at room temperature under continuous white light of 2 3 W m-2. Sporangiophores were removed from the mycelia and sporangiophore stalks were separated from mature sporangiophores. Aliquots were taken for dry weight determination.
Preparation of cell-free extracts. For glycogen determination, mycelia from liquid medium were cut into pieces and suspended in ice-cold 1 M-perchloric acid [ 1 : 5 (w/v)]. The suspension was homogenized in a Braun MSK homogenizer-cell disrupter for two 35 s periods with a 15 s interval. The homogenized mycelium was centrifuged at 20000 g for 20min at 4"C, and the pellet discarded. The supernatant was neutralized by the addition of 10 M-KOH. After neutralization, the extract was filtered to remove the KClO, formed. For processing sporangiophores and mycelia from solid media, the same protocol was used but the homogenization step was of four 35 s periods.
For the assay of isocitrate lyase activity, the crude extract was obtained as indicated previously (Rua et al., 1989) .
Analytical procedures.
Glycogen was determined enzymically with amyloglucosidase as described by Keppler & Decker (1974) . The incubation mixture, containing amyloglucosidase (10 mg ml-l) and neutralized extract (0.5 or 1 ml) in 0.2 M-acetate buffer pH 4.8, was kept at 40 "C for 2 h. After digestion, the reaction was stopped by addition of 1.0 ml perchloric acid (6 YO, v/v) and the samples neutralized with 1 M-KOH. The glucose liberated was measured by the glucose peroxidase method (Keston, 1956 ). The glucose contents of the culture media were also measured by this method, and the values obtained were expressed in glucose equivalents. Glycogen contents are expressed as mg glycosyl units (g dry wt of mycelia)-l.
For dry weight determinations, aliquots of mycelia obtained by filtration were dried at 60 "C to constant weight.
Protein concentration was estimated by the Lowry method using BSA as the standard.
Isocitrate lyase was assayed by a modification of the continuous method of Dixon & Kornberg (1959) , as described by Rua et al. (1989) , by monitoring the phenylhydrazine derivative of glyoxylate at 324 nm (E = 14626 M-I cm-I).
Results and Discussion

Efect of growth conditions on glycogen accumulation and mobilization
Phycomyces blakesleeanus shows light-dependent metabolic variations, some of which involve metabolites and enzymes of carbohydrate metabolism Rodriguez-Aparicio et al., 1987) . The initial experiments described here were concerned with establishing whether glycogen accumulated in different amounts in mycelia grown in light or darkness, and with how the glycogen content altered during differentiation of P. blakesleeanus grown on solid medium in white light. Fig. l ( a ) shows the results obtained when P. blakesleeanus was grown in liquid minimal medium with 2 % (w/v) glucose as the sole carbon source, under conditions of either light or darkness. The glycogen level reached the highest value after 24 h, both in darkness (35.76 & 7.8 mg glycosyl units g-*) and in light (34.8 f 4.1 mg glycosyl units g-'), when the external glucose content reached approximately half of its initial value (Fig. lb) . These results with respect to growth and glucose consumption are in agreement with those reported by Sandmann & Hilgenberg (1980) for the BGFF strain of P. blakesleeanus and correlate well with the profiles obtained for glycogen accumulation and degradation in darkness or white light.
Further information about the conditions which give rise to glycogen accumulation was provided by experiments performed in darkness. The glycogen levels of cultures of P . blakesleeanus growing in liquid minimal medium with glucose concentrations of 0.5, 1 and 4% (w/v) exhibited similar patterns to that shown by cultures grown in 2 YO (w/v) glucose (Fig. 1 a) . In all cases, the net synthesis of glycogen ended when approximately half the initial glucose remained in the medium (Table 1) . In order to correlate the growth phase with the early accumulation of glycogen, the following experiment was performed. Twenty-four-hour-old mycelia of P. blakesleeanus grown with 2 YO (w/v) glucose (these contained the highest glycogen levels) were washed and transferred to new liquid minimal medium containing 2 YO (w/v) glucose with further successive changes at 12 h intervals to fresh medium containing 2 YO (w/v) glucose. There was a slight increase in glycogen after the first two changes, after which the levels remained almost constant (Fig. 2) . At the time of the transfer experiments, the residual glucose levels were the same in all cases and almost equal to half of the initial glucose in the culture. Maximal values of glycogen with glucose present in the culture medium have been reported (Rothman & Cabib, 1969; Becker et al., 1982) but the accumulation started from the late exponential to the stationary phase and decreased during sporulation or when the cells needed to survive long starvation periods. Glycogen accumulation in cultures growing in darkness with different carbon sources (xylose, sucrose, fructose, maltose and sorbitol) followed patterns similar to those in glucose-grown cultures. The maximal values were registered during the exponential growth phase, with the highest glycogen level of 82.9 f 19-7 mg glycosyl units g-' obtained with sorbitol as the carbon source (data not shown). It has been reported that in yeasts the accumulation of glycogen occurs with an almost parallel synthesis of both total phosphorylase and total glycogen synthase (Franqois et al., 1988) . Experiments in progress on the P. blakesleeanus glycogen synthase seem to confirm the same pattern as reported for the yeast enzyme (unpublished data).
In P. blakesleeanus the glyoxylate pathway is operative when the fungus is growing on acetate as the sole carbon source or on various glucose/acetate mixtures (Rua et al., 1989) . Glycogen was detected in P . blakesleeanus cultures with glucose/acetate mixtures of (0.5 YO : 2.05 YO) and (1 % : 1.36 %), giving similar maximum values of 37 7 mg glycosyl units g-' in the exponential growth phase, but at 24 and 36 h respectively. Glycogen accumulation related to acetate metabolism has also been reported for the protozoon Tetrahymena pyriformis (Dang & Cook, 1981) . When P . blakesleeanus grew on acetate as the sole carbon source we were able to detect a low glycogen content of 12 f 2 mg glycosyl units g-' in the stationary phase (at about 84 h), and the same low glycogen levels were detectable when mycelia were transferred from glucose to acetate media. With glucose present in the media (as glucose/acetate mixtures) the maximum glycogen content was detected at the early stages of growth in the exponential phase.
When mycelia grown for 24 h in glucose medium were transferred to either acetate medium or carbon-free medium (Fig. 3) there was a faster decrease in glycogen levels. The glycogen disappearance was more pronounced in acetate cultures. These results may indicate that acetate or products of acetate metabolism are responsible for this reserve carbohydrate breakdown, presumably by increasing the activity of enzymes involved in glycogen degradation. The role of acetate in the activation of Phycornyces spores had been proposed to be mediated by an enhanced trehalase activity and an increased glycolytic metabolism (Delvaux, 1973 ;  Van  Laere et al., 1980) . In the standard growth conditions, Phycornyces spores may be activated by heat shocking the spore suspension or by adding 10 mwacetate to the medium (Cerda-Olmedo, 1987) . Maximum isocitrate lyase activity from acetate cultures was registered 36 h after the transfer (Fig. 3) . When the isocitrate lyase declined a new increase in glycogen content was noticeable (48-60 h after the culture was transferred). We may conclude that glycogen accumulation is related to glucose-aided growth.
Eflect of nitrogen or phosphorus starvation on glycogen content
Phycornyces cultures grown in liquid minimal medium on 2 % (w/v) glucose were transferred after 24 h to fresh minimal medium either without asparagine, or without KH,PO, (but with 4%, w/v, glucose as the carbon source in both cases). Growth stopped 9 and 24 h after the cultures were transferred to medium which lacked nitrogen and phosphate respectively (Fig. 4a) . Control cultures after 24 h on 2 O h (w/v) glucose were washed and transferred to fresh minimal medium with 4 % (w/v) glucose or to fresh minimal medium without a carbon source. In cultures deprived of a nitrogen source, the glycogen content showed an initial decrease and remained constant thereafter, but in those without a phosphate source, glycogen levels increased 9 h after the transfer and then remained constant (Fig. 4 b) . The depletion of glucose was greater in cultures without phosphate than in those without nitrogen, and the dry weight followed the same pattern (Fig. 4c) . In cultures transferred to a complete medium, continuous growth was detected with a sharp increase in glycogen content during the first 4-9 h interval, after which it started to drop. In cultures without a carbon source a very fast decrease in the glycogen content was noted, whereas dry weight remained constant. These results seem to indicate the existence of a slight glycogen accumulation in nitrogen-and phosphated-starved cultures, since the glycogen levels from these cultures remained almost constant while the glycogen in control cultures dropped quickly (Fig. 4 b) . Glycogen accumulation in response to nitrogen or phosphorus starvation has been described in yeast (Rothman & Cabib, 1969; Kiienzi & Fiechter, 1972; Lillie & Pringle, 1980) . All these data suggest that reserve carbohydrate accumulation is a general response to several types of nutrient limitation. Recently Farkas et al. (1991) reported that the accumulation of glycogen under nutrient limitation is linked to a glycogen synthase isoenzyme in Saccharomyces cerevisiae.
Glycogen accumulation during diferentiation P . blakesleeanus was grown on solid medium under continuous white light and mycelium and sporangiophores (immature and mature) were collected at different times. The highest recorded values of glycogen obtained were at 53 and 78 h of growth for mycelium and sporangiophores respectively. These values were similar, although the dry weight of the mycelium was four times that of the sporangiophores. The glycogen content in mature sporangiophores was only 2.4 YO of the maximum value detected for immature ones ( Table 2) . The gradual disappearance of glycogen during maturation may indicative that glycogen is involved in the synthesis of some other energy reserve (such as trehalose) or that it is involved as an energy source to complete the sporulation process, as has been proposed for other sporulating micro-organisms (Kane & Roth, 1974 ; Braiia et al., 1980) . It has been reported that glycogen is not present in Phycomyces spores but air-dried spores contain 35% trehalose and 3% lipids (Van Laere et al., 1987) .
